Turbulent forced convection and heat transfer structure in the spirally semicircle-grooved tube heat exchanger are numerically examined. The computational problem is solved by finite volume method (FVM) with the SIMPLE algorithm. The influences of groove depth and helical pitch on heat transfer, pressure loss, and thermal performance are investigated for turbulent regime, Re = 5000-20,000. As a result, the swirling flow is found through the test section due to the groove on the tube wall. The flow structure in the spirally semicircle-grooved tube can separate into two types: main and secondary swirling flows. The main swirling flow is found in all cases, while the secondary swirling flow is detected when DR ≥ 0.06. The swirling flow disturbs the thermal boundary layer on the tube wall that is an important reason for heat transfer augmentation. In range studies, the enhancements on heat transfer and friction loss are around 1.16-1.96 and 1.2-10.8 time above the smooth tube, respectively. The optimum thermal performance is around 1.11, which detected at DR = 0.06, PR = 1.4, and Re = 5000. The correlations of the Nusselt number and friction factor for the spirally semicircle-grooved tube with PR = 1.4 are produced to help to design the tube heat exchanger.
Background
Many types of heat exchangers, shell and tube heat exchanger, fin and tube heat exchanger, plate fin heat exchanger, etc., are used in various industries such as heat treatment process, chemical industry, power plant, automotive industry, food industry, etc. The heat exchangers had been improved with the main aims to augment the thermal performance and to reduce the size of the heat exchanger. The improvement techniques of the heat exchanger are divided into two types: active and passive techniques. The thermal performance improvement with the passive method is widely used more than the active mode due to it does not require the additional power into the heating system. The passive method is to use the turbulator or vortex generator such as fin, rib, baffle, wing, winglet, and roughness surface to generate the vortex flow or swirling flow in the heat exchanger that helps to increase the heat transfer rate and performance. The selection of the turbulator depends on the application of the heat exchanger. The roughness tube is a popular type of the vortex generator, which always use to enhance heat transfer rate and performance, due to it gives lower friction loss than the other types of the turbulators.
The performance improvement in the heat exchangers with the roughness surface had been investigated by many researches. For example, Lu et al. (2013a; 2013b) presented the convective heat transfer in a spirally grooved tube and transversely grooved tube as Fig. 1a , b, respectively. The spirally grooved tube with e/D = 0.0238, 0.0306, 0.0381, and 0.0475 and the transversely grooved tube with e/D = 0.038, 0.046, and 0.092 were studied. Aroonrat et al. (2013) investigated the heat transfer in an internally grooved tube with constant wall heat flux. The internally grooved tube with the grooved depth, e = 0.2 mm, grooved width, w = 0.2 mm, and grooved pitch, p = 12.7, 203, 254, and 305 mm was investigated. They found that the internally grooved tube provides the Nusselt number and friction factor higher than the smooth tube. The effects of the helically grooved tube on heat transfer and pressure drop of R−134a were experimentally studied by Laohalertdecha and Wongwises (2010) .
They studied with the grooved depth, e = 1.5 mm and grooved pitch, p = 5. 08, 6.35 and 8.46 mm. Their results show that the maximum heat transfer coefficient ratio and friction factor ratio up to 50 % and 70 % higher than the smooth tube, respectively. Khoeini et al. (2012) experimental investigated of R−134a on heat transfer in a corrugated tube with the depth of corrugation, e = 1.5 mm and pitch of corrugation, p = 8 mm. They found that the corrugated tube has a significant effect on condensation heat transfer characteristic and provides the condensation heat transfer coefficient higher than smooth tube. The numerical study on turbulent flow and heat transfer enhancement in a rectangular grooved tube was reported by Liu et al. (2015) . They found that the swirling flow, which induced by the grooved wall, leads to enhanced heat transfer. Al-Shamani et al. (2015) presented the heat transfer enhancement in a channel with a trapezoidal rib−groove in a turbulent region. They claimed that the channel with trapezoidal rib−groove can enhance heat transfer higher than smooth tube. The friction loss in a spirally internally ribbed tube with a vapor liquid two-phase was investigated by Cheng and Chen (2007) . They stated that the friction loss in the spirally internally ribbed tube is around 1.6-2.7 times over the smooth tube. Hwang et al. (2003) presented the heat transfer and pressure drop in an enhanced titanium tube on turbulent region. The four types of the roughness tube were studied. They found that the thermal performance for using the roughness tube is higher than the smooth tube. Webb (2009) studied the heat transfer and friction loss in a threedimensional roughness tube (see Fig. 1c ). Webb (2009) concluded that the roughness tube in the range studied provides the highest Nusselt number 3.74 times over the smooth tube. The comparison between the carbon steel smooth tube and spirally fluted tube on heat transfer characteristics was investigated by Wang et al. (2000) . The experimental results show that the total heat transfer coefficient of the carbon steel spirally fluted tube is around 10−17 % higher than the carbon steel smooth tube. Dong et al. (2001) presented the experimental studied the turbulent flow in a spirally corrugated tube on pressure drop and heat transfer. The roughness height ratio, e/D = 0.0243, 0.0199, 0.0302, and 0.0398 and spiral pitch ratio p/ D = 0.623, 0.62, 0.438, 0.598 were investigated. The spirally corrugated tube gives the heat transfer coefficient and the friction factor around 30−120 % and 60−160 % when compared with the smooth tube. The heat transfer and pressure drop during condensation of refrigerant 134a were studied in an axially grooved tube by Graham et al. (1999) . They summarized that the axially grooved tube performs heat transfer rate better than smooth tube. The experimental investigation of a vertical tube with internal helical ribs on heat transfer was presented by . They concluded that the heat transfer coefficient for using the vertical tube with internal helical ribs is around 1.41 times higher than the smooth tube. Dizaji et al. (2015) reported the experimental investigation on heat transfer and pressure drop on turbulent flow in a corrugated tube. The four types of the corrugated tube were investigated. They stated that the inner tube provides the Nusselt number and friction factor about 10−52 % and 150−190 %, respectively, over the smooth tube. presented the effect of an internally grooved tube on heat transfer enhancement and pressure drop for using R417A. Their results indicated that the grooved tube in the range studied gave the maximum heat transfer performance and pressure drop about 2.8 and 2.6 times, respectively, above the smooth tube. Tang et al. (2007) used the roughness tube (see Fig. 1d ) to study an oil-filled high-speed spinning process. Aroonrat and Wongwises (2011) studied the evaporation heat transfer characteristic and friction loss of R−134a in a vertical corrugated tube. They pointed out that the heat transfer and two-phase friction factor for using the corrugated tube are around 0−10 % and 70−140 %, respectively, when compared with the base case. Liu et al. (2013) investigated the flow behavior and heat transfer characteristic in shell and tube heat exchanger for using a helical baffled cooler with a spirally corrugated tube. The results show that the Nusselt number increases around 60−130 % over the smooth tube Fig. 1 Geometries of the roughness tube from the published papers. a Spirally grooved tube (Lu et al. 2013a ); b transversely grooved tube (Lu et al. 2013b ); c roughness tube (Webb 2009 ); and d Micro-groove fin-inside tubes (Tang et al. 2007) on the tube side. Chen et al. (2013) presented the experimental investigation on the effect of a transversally corrugated tube for heat transfer and pressure drop with molten salt. The corrugated tubes with e/D = 0.034, 0.047 and p/D = 0.31, 0.57, 1 were investigated. They showed that the transversally corrugated tube gives the heat transfer and pressure drop grater that the smooth tube.
Most of previous researches, the heat transfer enhancement in the spirally grooved tube had been studied with the experimental method. In the present work, the heat transfer and flow structure in the spirally semicircle-grooved tube are investigated numerically. The numerical analysis can describe the flow configuration and heat transfer characteristic in the tube heat exchanger. The understanding on the mechanisms of flow and heat transfer is an important way to improve the thermal performance of the heat exchanger. The effects of groove depth in term of depth ratio (DR = e/D) and helical pitch length (PR = p/D) are considered for the turbulent regime, Re = 5000-20,000.
Physical geometry and computational domain
The geometries and computational domain for the spirally semicircle-grooved tube are shown in Fig. 2 . In the present study, the spirally semicircle-grooved tube is investigated with different helical pitch ratios, p/D, PR = 0.6, 0.8, 1.0, 1.2, 1.4, 1.6, 1.8, and 2.0 and depth ratios, d/ D or DR = 0.02, 0.04, 0.06, 0.08, and 0.10. The characteristic diameter of tube, D, is fixed around 0.05 m, while the Reynolds numbers, Re, ranging from 5000 to 20,000.
The tetrahedral mesh is selected for the computational domain of the spirally semicircle-grooved tube. At the near wall region, grids have high density based on the gradients of temperature, pressure, and velocity, which the first near-wall cell next to the wall which is determined by the Reynolds number and satisfies y + ≈ 1.
Assumption and boundary condition
The inlet and outlet of the computational domain are set to be periodic boundary. No-slip wall condition is applied for the tube wall. The uniform heat flux around 600 W/m 2 is adopted for the heating wall. Air as the working fluid flows into the test section with the uniform mass flow rate at 300 K (Pr = 0.707). The thermodynamic properties of the air are assumed to be constant at mean bulk temperature. The forced convection heat transfer is considered, while the natural convection and radiation heat transfer are disregarded. The body force and viscous dissipation are ignored.
Mathematical foundation and numerical method
The incompressible turbulent flow with steady operation in three dimensions and heat transfer characteristic in the spirally semicircle-grooved tube are governed by the continuity equation, the Navier-Stokes equation, and energy equation. The realizable k-ε turbulent model (Launder and Spalding 1974) is used for the present investigation.
and
where 
the constants in the model are given as follows:
where S k and S ε are user-defined source terms, σ k and σ ε are the turbulent Prandtl numbers for k and ε, respectively. For the convection terms, the SIMPLE algorithm for handling the pressure-velocity coupling and the QUICK scheme are solved using a finite volume approach (Patankar 1980 ). The energy equation is considered to be converged when the normalized residual values are less than 10 −9 while the other variables are less than 10 −5 . In the present study, to analyze the flow behavior and heat transfer characteristics, the Reynolds number, friction factor, Nusselt number, and thermal enhancement factor are the most important parameters, which can be written as follows:
The Reynolds number is calculated as follows:
The friction factor is defined as
where ΔP is the pressure drop, D h is the hydraulic diameter, and u is mean flow velocity.
The local Nusselt number is given by
where h is the convective heat transfer coefficient and k the thermal conductivity. The average Nusselt number can be obtained by
Thermal performance enhancement factor (TEF) is defined as the ratio of the heat transfer coefficient of an augmented surface, h, to that of a smooth surface, h 0 , under the constant pumping power condition. TEF can be calculated from
where, f 0 and Nu 0 are the friction factor and the Nusselt number of the smooth tube, respectively.
Numerical validation
The grid numbers around 113803, 216084, 361257, 500146, 735175, and 927547 for the spirally semicirclegrooved tube at PR = 1.4, DR = 0.06, and Re = 5000 are compared as shown in Fig. 3 . Under similar conditions, the values of the Nusselt number and friction factor rarely change when increasing grid cell from 500146 to 927547. Therefore, the grid around 500146 is used in all cases of the computational domain for the spirally semicircle-grooved tube. The comparisons of the turbulence models, the Standard k-ε turbulent model, the renormalized group (RNG) k-ε turbulent model, the realizable k-ε turbulent model, and the shear stress transport (SST) k-ω turbulent model and correlations (Incropera and Dewitt 2006) on the Nusselt number and friction factor of the smooth tube are shown in Fig. 4a, b , respectively. The numerical results show that the use of the realizable k-ε turbulent model provides the excellent solutions with the values from the correlations. The realizable k-ε turbulent model gives relative errors within 10.1 and 6.3 % for the Nusselt number and friction factor, respectively. Page 6 of 15 Figure 5 presents the comparison of the numerical results with experimental results (Aroonrat et al. 2013 ) for using the realizable k-ε turbulent model in the case of the spirally grooved tube with e/D i = 0.028, w/D i = 0.028, and p/D i = 1.78. In the figure, the deviations around 5.15 and 2.03 % for the Nusselt number and friction factor, respectively, are detected. As a result in this part, it can be concluded that the computation domain of the spirally semicircle-grooved tube has the reliability to predict the flow, heat transfer, and thermal performance.
Numerical result and discussion
The numerical results in the spirally semicircle-grooved tube with various DRs and PRs are separated into four parts: flow configuration, heat transfer characteristics, thermal performance evaluation, and correlation.
Flow configuration
The longitudinal vortex flow and streamlines in cross sectional plane are selected to describe the flow pattern in the spirally semicircle-grooved tube. Fig. 6a -e presents the longitudinal vortex flow through the test section of the spirally semicircle-grooved tube at PR = 1.4 and Re = 5000 for DR = 0.02, 0.04, 0.06, 0.08, and 0.1, respectively. In general, the generation of the longitudinal vortex flow or swirling flow is due to the groove on the tube wall. As the figure shows, the flow structure can be divided into two types: main and secondary swirling flows. The main swirling flow is found at the core of the test tube, while the secondary swirling flow is detected on the groove surface (see Fig. 6e ). The DR = 0.02 and 0.04 produce the main swirling flow through the test section but not generate the secondary swirling flow on the groove surface, while the DR = 0.06, 0.08 and 0.1 can induce on both main and secondary swirling flows through the tube heat exchanger. This is because the depth of the groove on the tube heat exchanger is an important factor to create the vortex flow. Moreover, the groove depth effects for the strength or intensity of the swirling flow. The DR = 0.1 provides the highest strength of the swirling flow, while the DR = 0.02 gives the opposite result. The creation of the swirling flow is a disturbance of the thermal boundary layer on the heating wall of the tube heat exchanger, especially, secondary swirling flow. The disturbance of the thermal boundary layer leads to enhanced heat transfer rate and thermal performance in the heating tube. The rising strength of the swirling flow may increase the intensity of the disturbance that a main reason for augmenting heat transfer rate. Figure 7a -e shows the streamlines in transverse plane of the spirally semicircle-grooved tube with PR = 1.4 and Re = 5000 for DR = 0.02, 0.04, 0.06, 0.08, and 0.1, respectively. Generally, the vortex flows are found in all cases of the spirally semicircle-grooved tube. The pattern of the vortex flow at various DRs is found similarly, but the strength of the vortex flow is not equal. The strength of the vortex flow is considered from the turbulent kinetic energy (TKE) distributions in transverse plane as depicted in Fig. 8a -e, for DR = 0.02, 0.04, 0.06, 0.08, and 0.1, respectively, at PR = 1.4 and Re = 5000. The low TKE distribution is shown with blue contour, while the high TKE value is presented by red contour. The low TKE value is found at the edges of the groove, while the high TKE value is detected at the upper curve of the plane. The highest TKE distribution is found in case of DR = 0.1 due to the highest vortex strength. Moreover, it is found that the TKE distribution directly relates with the secondary swirling flow (see Fig. 8e) ; therefore, the high TKE is not found in case of DR = 0.02 and 0.04 due to the secondary swirling flow is not created.
Heat transfer characteristic
The heat transfer analysis in the spirally semicircle-grooved tube is described in terms of temperature contours and local Nusselt number distributions on the tube wall. Figure 9a-e shows the temperature distributions in y-z planes of the spirally semicircle-grooved tube at PR = 1.4 and Re = 5000 for DR = 0.02, 0.04, 0.06, 0.08, and 0.1, respectively. The high temperature is presented with red layer, while the opposite trend is depicted with blue contour. The high temperature is found in a large area at DR = 0.02 due to the poor heat transfer rate, while the reverse trend is detected at DR = 0.1. It can be concluded that the swirling flow and strength of the flow in the test tube has directly effect for heat transfer enhancement. Figure 10 presents the plots of the temperature (at x/ D = 0.7 and z/D = 0.5) with the y/D at various DRs of the spirally semicircle-grooved tube. As the figure, it is found that the DR = 0.08 and 0.1 give a better mixing of the fluid flow than the other cases when considered at the middle of the plane (in range y/D = 0.2-0.8).
The temperature distributions on the tube wall of the spirally semicircle-grooved tube at various DRs are illustrated in Fig. 11a -e, respectively, for DR = 0.02, 0.04, 0.06, 0.08, and 0.1 at PR = 1.4 and Re = 5000. A similar trend of the heat transfer characteristic, as depicted in Fig. 9 , is found. It is interesting to note that the edges of the groove provide terrible heat transfer rate for all DRs.
The local Nusselt number distributions on the tube wall of the spirally semicircle-grooved tube are depicted in Fig. 12a -e for DR = 0.02, 0.04, 0.06, 0.08, and 0.1, respectively, at Re = 5000 and PR = 1.4. It is clearly seen in the figures that the DR = 0.02 gives the lowest heat transfer rate. The heat transfer rate increases when increasing the depth of the semicircle groove on the tube wall due to the intensity of the swirling flow, especially, secondary swirling flow.
Thermal performance evaluation
The performance assessments of the spirally semicirclegrooved tube are reported in terms of the Nusselt number ratio (Nu/Nu 0 ), friction factor ratio (f/f 0 ), and thermal enhancement factor (TEF). The influences of the DR and PR on heat transfer, friction loss, and thermal performance are considered.
The variations of the Nu/Nu 0 with the Re at various PR and DR values are presented in Fig. 13 . In general, the Nu/Nu 0 slightly decreases when increasing the Reynolds number for all cases. At similar PR, the DR = 0.1 provides the highest heat transfer rate, while the DR = 0.02 performs the lowest values. The increasing DR leads to enhancing the Nusselt number. In addition, the Nu/Nu 0 of DR = 0.08 and 0.1 is very close for all PRs. The reduction of the PR leads to increasing heat transfer rate. The spirally semicircle-grooved tube with PR = 0.6 gives the highest heat transfer rate. The Nu/Nu 0 has no change when increasing PR of the spirally semicircle- Fig. 13 The relation between Nu/Nu 0 and DR grooved tube from 1.6 to 2.0. In range investigates, the Nu/Nu 0 for the spirally semicircle-grooved tube is around 1.16-1.96 depended on DR, PR, and Re.
The relations of the f/f 0 with the Reynolds number at various PR and DR values are reported in Fig. 14 . Generally, the spirally semicircle-grooved tube has higher friction loss than the smooth circular tube in all cases. The f/f 0 slightly decreases when increasing the Reynolds number. The DR = 0.1 provides the highest friction loss, while the DR = 0.02 offers the lowest values of the pressure loss when considered at similar PR. The groove depth is the main cause for the augmentation of the pressure loss in the tube heat exchanger. The reduction of the PR can help to reduce the pressure loss in the test tube. The spirally semicircle-grooved tube with PR = 1.8 and 2.0 gives very close values of the friction factor ratio. The f/f 0 of the spirally semicircle-grooved tube is around 1.20-10.80 depending on DR, PR and Re.
The plots of the thermal enhancement factor with the Reynolds number with various PRs and DRs are plotted in Fig. 15 . The TEF of the smooth circular tube is equal to 1; therefore, the advantage of the spirally semicircle-grooved tube should give the TEF higher than 1. In general, the TEF decrease with increasing the Reynolds number in all cases. Almost all cases of the spirally semicircle-grooved tube with PR = 0.6 perform the TEF lower than 1 due to the pressure loss of the heating tube increases much more than the enhancement of the heat transfer rate when measured at similar pumping power. The maximum TEF is found at DR = 0.04 for PR = 0.6-1.2, while found at DR = 0.06 for PR = 1.4-2.0. The computational result reveals that the optimum TEF is around 1.11.
The variations of the Nu/Nu 0 , f/f 0 , and TEF with the DR at various PR values are created in Figs. 16, 17 and 18, respectively. The increasing DR and decreasing PR lead to augmentations on both heat transfer rate and friction loss in the test tube. The optimum case, which gives the highest thermal performance around 1.11, is found at DR = 0.06 and PR = 1.4 when considered at the lowest Reynolds number, Re = 5000.
Correlation of the Nusselt number and friction loss
The correlations of the Nusselt number and friction factor at PR = 1.4, Re = 5000-20,000, and DR = 0.02-0.10 
The deviations of the Nu and f between numerical data and correlation data are within 1.8 and 6 %, respectively, for uptrend, and within 1.5 and 1.5 % for downtrend, respectively. 
Conclusions
The numerical investigations on turbulent forced convection, heat transfer characteristic, and performance assessment in the spirally semicircle-grooved tube are examined. The influences of the groove depth and groove pitch for the spirally semicircle-grooved tube are investigated for the Reynolds number, Re = 5000-20,000. The flow visualization and heat transfer behavior in the spirally semicirclegrooved tube are described. The major findings for the present investigation are concluded as follows. The semicircle groove on the tube surface can produce the swirling flow through the test section. The swirling flow can separate into two types: main and secondary swirling flows. The main swirling flow is found in all DRs, while the secondary swirling flow is detected at DR ≥ 0.06. The swirling flow disturbs the thermal boundary layer near the tube wall that is reason for heat transfer augmentation. The intensity or strength of the swirling flow depended on DR and PR of the groove. The increasing DR and reducing PR lead to augmenting strength of the flow that helps to increase heat transfer rate in the test section.
In the range examined, the augmentations on the Nusselt number and friction loss are around 1.16-1.96 and 1.2-10.8 times above the smooth tube. The optimum TEF around 1.11 is detected at DR = 0.06 and PR = 1.4 and Re = 5000. 
